Abstract--The charge density distribution among different classes of a series of reduced charge montmorillonites is heterogeneous as in the parent Camp Berteau clay. In addition, charge reduction proceeds inhomogeneously. Up to 20% differences in charge density can be accounted for by alkyl chains extending at the edges of the clay particle. A realistic charge density-cation-exchange capacity relationship for hectorite, Otay montmorillonite, and a series of reduced charge montmorillonites of Camp Berteau is obtained by accounting for the influence of particle radius and for the extent of alkyl chains lying outside the clay layers in the charge density calculations.
INTRODUCTION
The surface charge density of highly dispersed solids is one of the most important parameters in understanding adsorption behavior. For example, it has recently been shown that, in montmorillonite, the exchange of simple inorganic ions is very much dependent upon charge density, not only in heterovalent (Maes and Cremers, 1977) but also in homovalent exchange equilibria (Maes and Cremers, 1978) .
The surface charge density of montmorillonite may be obtained by various methods: the first method relies on the measurement of the specific surface area and the cation exchange capacity (CEC). Its value is dependent on pH (Peigneur et al., 1975) and on the nature of the index cation and therefore leads to somewhat arbitrary values of the surface charge density. The isomorphic layer charge may be obtained from the unit-cell composition, the result being rather sensitive to small amounts of precipitated aluminum oxide which of course obscures the real composition (Glaeser et al., 1972) . A third method for measuring the isomorphic layer charge relies on the effect of the chain length of alkylammonium ions upon the monolayer-double layer transition in the interlamellar space (Lagaly and Weiss, 1969, 1971) .
It is the purpose of the present study to examine the relationships between the cation-exchange capacity and the alkylammonium method on a series of isostructural samples of decreasing layer charge as obtained by the Hofmann-Klemen effect (Hofmann and: Klemen, 1950) . montmorillonite Cremers, 1977, 1978) . Appropriate amounts of LiCI were added to 2% by weight sodium Camp Berteau clay suspensions in dialytic equilibrium with 0.01 N NaNO3 so as to obtain about 25, 45, 50, and 75% Li exchange. Overnight equilibration was followed by freeze drying of the suspensions and heating to 220~ for 24 hr. The reference Na clay was submitted to the same heat treatment. Expansion of the layers was accomplished by ethylene glycol treatment followed by washing with ethanol and exchange with 1 mole/dm 3 NaNO3 solution. The samples are subsequently dialyzed to remove salt, freeze dried, and stored. The sample name refers to the fractional cation-exchange capacity in water vis-a-vis the untreated parent Camp Berteau clay. The CEC of the samples was determined by isotopic dilution techniques in aqueous 0.01 M NaNO3 at about pH 6 and in 1:1 95% ethanol/ water also at 0.01 M NaNO3. The charge density of the RCMs and of Otay montmorillonite (<0.5-/zm fraction) was determined by the alkylammonium method (Lagaly and Weiss, 1969, 1971) following the procedure described by Stul and Mortier (1974) .
RESULTS
The d001 spacings of the original Camp Berteau montmorillonite (Stul and Mortier, 1974) and the RCMs are shown in Figure 1 as a function of the number of carbon atoms in the alkyl chain. The apparent spacing increases from the monolayer complex (13.6 ,~) to the double layer complex (17.6 ~) over a wide transition zone showing the heterogeneity of the charge density of the materials under study. Only first order reflections are given. With decreasing layer charge, broader reflections are observed while the second and third orders disappear. It could not be decided therefore whether the recorded 13.6-or 17.6-A spacings were indeed integral or not. In the 0.34 RCM sample, spacings as low as 12.3/~ (for hexylammonium) were observed indicating the presence of collapsed layers (9.6 A). No separate line corresponding to 9.6/~ could, however, be detected. Spacings smaller than 13.6 A were also observed in the 0.61 RCM and 0.55 RCM. Spacings between 13.4 and 13.6 ,~ were assigned to alkylammonium cations lying flat between the silicate layers (Lagaly and Weiss, 1971; . The theoretical thickness of the silicate layer being 9.4 A (Brindley and Hoffmann, 1962) , and since keying-in can occur--particularly in the case of low charged minerals--the appearance of 13.4-A layers is not surprising. The slightly smaller spacings (13.2-13.3/~) recorded for 0.55 RCM and 0.61 RCM result therefore from the interference of 9.6-,~ layers.
Although 13.4/~ might be a more reasonable choice for the spacing of the monolayer complex, calculations were based on the 13.6-to 17.6-/~ transition (Lagaly and Weiss, 1969, 1976; Stul and Mortier, 1974) , the ensuing error in charge density being quite small (2-3% increase). From the data in Figure 1 the distributions of the interlayer cation density over different classes a to j (see Table 2 ) were obtained by the method of Stul and Mortier (1974) and are shown in Figure 2 . Calculations were performed for a particle radius of 150 A by assuming that half of the alkyl chains at the edges are lodged between the clay layers (Lagaly and Weiss, 1971; Stul and Mortier, 1974) . In the case of 0.61 RCM and 0.34 RCM, the double layer complex is not formed at oc- (Stul and Mortier, 1974) , and different RCMs. Broken lines refer to calculated distributions (see text). Shaded classes refer to an approximation (see text).
tadecylammonium. Since only alkylammonium cations up to C18 (corresponding to class j in Figure 2 ) were available, it was assumed that the remainder of the charge is present in class k. The extrapolations made for 0.61 RCM and 0.34 RCM can be seen in Figure 1 and are realistic in view of the data for 0.55 RCM and the fact that the charge densities in class k (0.229), 1 (0.22), etc. are barely different. The mean charge densities, given in Table 1 , range from 0.359 (Otay montmorillonite) to smaller than 0.233 electrons per Si4AI2010(OH)2 (0.34 RCM). The value for the Otay material agrees with the one (0.35) calculated from the data of . As already observed in the parent material (Stul and Mortier, 1974 ) the charge density distribution in the RCM clays remains also heterogeneous. The distributions in the 0.94 RCM material are barely different from those in the original Camp Berteau clay, taking into account the heating and re-expansion treatment Cremers, 1977, 1978) . The reduction in charge density of Camp Berteau montmoriUonite by means of the Hofmann-Klemen effect results in charge density distributions which shift towards lower charge density classes. To verify if charge reduction proceeds homogeneously one may calculate the expected distributions from the composition of the 0.94 RCM. The latter is used as the reference material since it was subjected to the same treatments as the other RCM clays. The charge reductions are calculated as the ratios of the charge density in each RCM to the charge density in the 0.94 RCM. The reduction of 0.94 RCM to 0.72 RCM can be used as an illustration. All classes in 0.94 RCM should be reduced by a factor 0.27/0.335, e.g., the reduction of class a (0.409 e/half unit cell) of the 0.94 RCM by 0.27/0.335 results in a charge density (0.327) between class d (0.328) and e (0.308) (see Table 2 ). The i Numbers in parentheses = number of determinations. z Maes and Cremers (1977) . 3 Lagaly and Weiss (1969) . 4 Stul and Mortier (1974) . 5 RCM = Reduced charge montmorillonite. See text for preparation procedure and discussion.
and hectorite, as measured in water and in a 1:1 mixture of ethanol and water. The range of capacities from 1.2 (Otay) to 0.34 (0.34 RCM) meq/g oven-dry clay (110~ is covered. The capacities in ethanol-water generally agree with the values in water for the Otay and Camp Berteau materials. In the RCM series a tendency exists for larger differences at decreasing charge (Clementz et al., 1974) . The CEC in ethanol-water exceeds that in water by respectively 0.06 (0.95 RCM and 0.73 RCM), 0.09 (0.54 RCM), and 0.1 (0.34 RCM) meq/g. Charge reduction by means of the Hofmann-Klemen effect results in sodium CEC reductions in disagreement with the decrease in charge density (see Table 1 ). Considering that the alkylammonium method measures only the isomorphic layer charge (Lagaly and Weiss, 1969; Stul and Mortier, 1974; Lagaly, 1977) , the agreement between both methods for the measurement of the charge becomes even worse if a constant broken bond capacity is subtracted from the sodium CEC. The fraction of the original CEC measured in 1:1 ethanol-water is intermediate between the values obtained in water and those obtained from the charge density measurement.
The charge density of the 0.34 RCM is largely overestimated due to the interference of 9.6-,~ layers. Correction of the data using a triangular diagram (Jonas and Brown, 1959; Mamy, 1968) is difficult since the combination of 9.6-and 17.6-,~ layers using the method of Brown and MacEwan (1949) leads to spacings exceeding the latter.
DISCUSSION
The relation between the layer charge and the sodium CEC is shown in Figure 3 for the Otay clay and the RCMs along with literature data on the Camp Berteau montmorillonite (Stul and Mortier, 1974) and hectorite (Lagaly and Weiss, 1969) . The 0.34 RCM is omitted since the interference of 9.6-/~ layers results in an overestimate of charge density. The linear regression through all experimental points reads: CEC = 4.4 lcr -0.4535 (r = 0.98) and corresponds to a zero CEC at about 0.1 e/half unit cell. This seems unrealistic and is at variance with expectation in view of the commonly accepted contribution (0.1-0.2 meq/g) of pH dependent sites in smectites.
The reason for the discrepancy can be due either to an underestimate of the CEC of the RCM samples or to an overestimation of the charge density. Hectorite and the Otay montmorillonite also fail to behave as expected.
According to the data of Clementz et al. (1974) and Brindley and Ertem (1972) on Wyoming bentonite, the fraction of collapsed layers (9.6 A) increases with decreasing charge and can be estimated by a CEC determination in 1:1 ethanol-water mixtures, solvating all interlayer cations. In addition, Annabi et al. (1973) stated that in the Camp Berteau clay up to 70% reduction, homogeneous swelling occurs in ethanol and methanol. The CEC data in 1: l ethanol-water are nevertheless insufficient to explain the deviation from the expected CEC-charge density relationship.
On the other hand several factors could be invoked which lead to an overestimation of the charge density. First, Li back-migration (Glaeser and Meting, 1971) during the exchange of the alkylammonium cations would result in a higher charge. However, unpublished data on hexylammonium exchange in RCMs show that no Li could be detected in the equilibrium solutions. Second, since on reduction the number of classes increases (instead of remaining constant), it is probable that the charge density within the individual clay plates is heterogeneous. The measured charge density will be Overestimated since the intercalation of the whole clay plate will be determined by the most highly charged regions. However, charge delocalization over the surface oxygens in octahedrally substituted clays is believed to minimize this effect. Third, the packing and the unsymmetric charge distribution, two phenomena which are more likely to occur upon charge reduction, would give an overestimate but are believed to be quite small . Finally, in the case of 0.61 and 0.55 RCMs, the small interference of 9.6-A layers, judging from the appearance of 13.2-13.3 A spacing for CG, may give rise to a slight overestimate of the charge in these cases. The fact, however, that hectorite and Otay montmorillonite also deviate from the expected relation between isomorphic charge and sodium CEC requires an alternative explanation.
The charge densities as determined by the alkylammonium method are very much dtpendent on both the choice of the particle radius of the material under study and the extent of which the outer alkylammoniums are lying outside the clay plate. In Table 2 the charge densities in the different classes a to j are shown for the outer alkylammonium cations lying completely inside, half outside, and having only the NH3+-group between the clay plates. A particle radius of 150 A was used throughout the calculations. For class "a" a charge density of 0.434 e/half unit cell is obtained if the outer alkylammonium cations have only the NH3+-group in the interlamellar region which, compared to the case of complete coverage (0.375 e/half unit cell), amounts to a 13.5% deviation. In the highest class j, values of respectively 0.26 and 0.206 are obtained which corresponds to a 20% difference.
The uncertainty limits due to this effect are shown in Figure 3 . One may take for granted that the lowest charged minerals have no alkyl groups outside the platelet and that in the high charge-density mineral (Otay) alkyl chains are lying completely outside the clay. The dashed line in Figure 3 corresponds with this behavior and extrapolates through -0. l0 meq sodium CEC which corresponds to the pH dependent site CEC. It appears that the under-or overestimation of the charge density, due to the extent which alkyl chains at the edges belong to the interlayer, can account for the observed effect. The persistent small discrepancy in the case of 0.61 and 0.55 RCMs is probably due to a small CEC underestimate as inferred from the increasing difference between the CEC in water and l:l ethanol/ Water and/or a slight charge overestimate caused by interference of 9.6-/~ layers.
The value of the charge density is also a function of the particle dimensions. Increasing particle radii correspond to smaller charge densities (Stul and Mortier, 1974) . One expects, however, that the different treatments to which the RCMs are subjected will result in equal or smaller particle radii than those of the original sample, which were taken to be 150 A (Stul and Mortier, 1974) . Accounting for this would give rise to even higher charge densities and concomitant larger deviations from the expected charge density-CEC relationship. Deviations observed in the case of hectorite and Otay montmorillonite can also partly be accounted for if the dimensions for particle radii used in the calculations are respectively higher or smaller than 150/~. The particle dimensions observed for hectorite (Grim, 1968) exceed 1000 A. Otay montmorillonite occurs as globular particles of about 100-,~ radius (Grim and Gfiven, 1978) . Both are in the expected direction.
Summarizing one can state that the agreement between the observed and expected charge density-CEC relationship depends on (a) the dimensions of the clay particles (particle radius), (b) the fraction of the alkyl chains extending at the edges which in turn depends on the charge density itself, and (c) the appearance (in the RCM clays) of 9.6-A layers, which leads to underestimates of the CEC and overestimates of the charge density.
